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Introduction 38
Plants synthesize phytoalexin substances for microbial and often oxidative protection (1) (2) (3) . 39
These toxins are produced de novo into the leaf cells (4) and have been identified from higher 40 plant tissues into the upper epidermis and in the leaf epicuticular waxes (5-7). Some phytoalexins 41 are phototoxic due to their ability to produce singlet oxygen under solar irradiation (8-10). Many 42 of these natural products are based on the perinaphthenone (1H-phenalen-1-one, PN) skeleton 43 and have been isolated from plants and fungi (11) (12) . Therefore, the photochemical reaction 44 mechanisms of PN are similar to those of some phytoalexins. PN is used as a reference 45 photosensitizer in photochemistry and photobiology (13). The singlet oxygen production 46 quantum yield of this molecule is close to one over a large solvent range (13-16). Nonetheless, in 47 hydrogen donating solvents, PN can be photodegraded (16) (17) . 48
The plant leaf epicuticular waxes are mainly composed of long chain alkanes and of other 49 compounds such as esters, ketones and alcohols (18, 19) . Some of them are hydrogen donors. In 50 this study paraffin wax films are used as a model of the leaf epicuticular waxes. Previous studies 51
were performed with this model at the wax surface (20) (21) (22) . This model allows a first approach 52 of the photochemical processes occurring in the waxes of a broad variety of plants. Indeed, 53 paraffin wax is a weak hydrogen donating medium but PN phototransformation is expected 54 because of the degradation observed in N,N'-dimethylacetamide and 1,4-dioxane (16). In fact, in 55 these media the competition between singlet oxygen production and PN transformation is not 56 trivial. 57
The ability of phytoalexin to act as a singlet oxygen sensitizer and more generally the 58 photochemistry of phytoalexins can be inconvenient for crop treatments (23, 24) . Indeed, some 59 pesticides are oxidized by singlet oxygen (25, 26) and these reactions could occur at the leaf 60 surface and within the leaf epicuticular waxes. Moreover, to our knowledge, no study has been 61 performed on the possible interaction between the PN triplet excited state and pesticides 62 absorbed by plants (systemic pesticides) which enter the cuticle. Under these conditions, 63 pesticide molecules are expected to be in the close environment of phytoalexins that could 64 induce their degradation. 65
For the first time, PN photochemistry is studied in a model of leaf epicuticular waxes. The goal 66 of this study is to give a first approach of the PN photoreactivity in a solid medium composed of 67 long-chain alkanes and to evaluate the competition between singlet oxygen production and 68 phototransformation. Additionally, identification of photoproducts was performed. Finally, 69 pyrethrum extract, a natural pesticide, was added to the paraffin wax film containing PN to 70 obtain evidence of an interaction between the PN triplet excited state and this pesticide. 71 72 2. Materials and methods 73 2.1. Chemicals 74 Perinaphthenone (97%), n-heptane (99%), methanol (≥ 99.9%), acetonitrile (≥ 99.9%), paraffin 75 wax (mp 53-57°C) and silica gel (Davisil grade 634, 100-200 mesh, 60 angstrom, purity ≥ 99%) 76 were all purchased from Aldrich (Saint-Quentin Fallavier, France). Paraffin wax is a mixture of 77 long-chain alkanes (mainly C 21 -C 34 ). Pestanal pesticides tembotrione and pyrethrum extract were 78 both purchased from Sigma-Aldrich. 79 80
Sample preparations 81
All the samples were prepared in a sodium lamp light room (λ irr = 589 nm) to avoid 82 photochemical reactions during handling. Stock solutions of PN in n-heptane were prepared at 83 concentrations ranging from 10 -3 to 10 -5 M and stored at room temperature. Paraffinic wax films 84 containing PN were prepared as follows: 72 mg of wax and 16.54 mg of PN were mixed and 85 heated at 100°C under magnetic stirring to obtain a homogeneous liquid. Subsequently, the 86 mixture was poured on aluminum foil and pressure was applied using a plate to produce the 87 films. The 10 -3 M PN solid concentration in the paraffin wax films was calculated based on a 88 wax density of 0.77 g mL -1 . Less concentrated films were obtained by dilution with pure 89 paraffinic wax. In all cases, films containing PN were rinsed with acetonitrile to remove any PN 90 molecules remaining at the film surface. For UV-Visible spectroscopy, PN was mixed with 91 cellulose at a 1/100 ratio in weight. For laser flash photolysis paraffin wax films containing PN 92 were directly used without further modification. Silica gel samples containing adsorbed PN were 93 used to monitor the triplet decay in the absence of oxygen. They were prepared as follows: 2 g of 94 silica gel were dried by heating at 120°C under vacuum for 2 hours to a pressure of 5×10 -5 mbar. 95
Then, a PN solution at a concentration of 100 µM in methanol was added to the silica. The 96 solvent was evaporated under vacuum at room temperature. Then, the sample was maintained 97 under vacuum for 4 hours to ensure removal of trace methanol, water, and air. Finally, the 98 samples were sealed under vacuum in a quartz cuvette. For EPR analyses the liquid mixture 99 containing wax and PN was directly poured inside pyrex tubes. Pesticides were added to the hot 100 liquid wax-PN mixture under magnetic stirring at amounts calculated to obtain a final 101 concentration of 10 -3 M for tembotrione and 4.3 µL ml -1 for the pyrethrum extract. 102 103
UV-Vis spectroscopy 104
Liquid state absorption spectra were recorded using a Cary 3 UV-Visible spectrometer (Varian). 105
Baselines and spectra were recorded at room temperature in the 800-250 nm spectral range with 6 a 1-nm resolution and a 600 nm.min -1 scan rate. Solid state UV-Visible spectra were recorded 107 using a DRA-CA-30I integrating sphere accessory (Varian) and a BaSO 4 reflectance standard 108 (Spectralon). PN mixed with cellulose was poured into a circular quartz cell of 1-cm thickness 109 and then the cell was placed in the diffuse reflectance port of the sphere accessory. UV-Vis 110 absorption spectra of paraffin wax films containing PN were recorded by positioning the film in 111 the transmission port of the sphere accessory. The signal intensity measured in percentage of 112 transmittance was converted to absorbance from equation (1): 113 
where ∆R is the transient species reflectance change, R 0 and R t correspond to the diffusely 173 reflected light before exposure to the laser pulse and at time t after excitation, respectively. photolysis apparatus has been previously described (29, 30) where C and C 0 represent transient concentrations (or ∆R and ∆R 0 at low sample loadings) at 194 times t and t 0 after the laser pulse. The width of the distribution is given by γ and � is the mean 10 rate constant. Fitting was carried out using a modified sequential Simplex algorithm such that a 196 global minimum in the reduced χ 2 parameter space was obtained. This procedure has been 197 described previously in reference (32). A comparison of the suitability of this fitting method and 198 a mono-exponential decay has been discussed previously in reference (33). 199 200 2.7 EPR spectroscopy 201 EPR spectra were recorded on a Bruker EMX EPR spectrometer interfaced to a computer with 202
WinEPR Acquisition system software. The spectrometer had the following general settings: The equipment for the continuous monochromatic excitation of the sensitizer for the 216 measurements of the 1 O 2 phosphorescence at 1270 nm has been previously described in detail 217 (14, 34, 35) . The paraffin wax film containing PN at a concentration of 10 -3 M was placed on a 218 sample holder oriented at 45° relative to a 1000 W Xe-Hg arc lamp, coupled to a monochromator 219 (6 nm bandwidth) adjusted to 367 nm. A cooled (-80°C) NIR photomultiplier (Hamamatsu) was 220 used as a 1 O 2 detector. The 1 O 2 luminescence was collected with a mirror, chopped and, after 221 passing through a focusing lens, a cut-off filter (1000 nm) and an interference filter (1271 nm), 222 was measured at 90 o with respect to the incident beam. 223 case. As a first step we checked that our model is relevant for the studied system. The molecular 231 aggregation can be clearly identified by UV-Vis absorption spectroscopy. In fact, the increase of 232 intermolecular interactions leads to a shift of the absorption maxima and a broadening of the 233 bands. Figure 1 displays the PN UV-Vis spectra recorded in different media; n-heptane, paraffin 234 wax, and cellulose. 235
In n-heptane, where PN is completely solubilized at a concentration of 10 -4 M, the absorption 236 maximum is found at 353 nm with a band full width at half maximum (FWHM) of 57 nm 237 (Figure 1.a) . When PN is mixed with cellulose, a broadening of the UV-Vis band is observed 238 compared to that in solution (Figure 1 In this study, n-heptane is used as a reference solvent for the comparison of the PN 261 photochemical behavior between liquid and solid paraffinic media. Figure 2 shows the UV-Vis 262 absorption spectra evolution under irradiation at 366 nm of PN dissolved in n-heptane and in 263 paraffin wax at 10 -4 M. In n-heptane (Figure 2 adducts were identified for n=5, 7, and 9, and y=1 or 2 (see supplementary information). 290 291
Triplet state formation 292
The PN triplet excited state ( 3 PN*) has been previously observed in many solvents (38) , its UV-293
Vis absorption spectrum displaying a maximum at around 500 nm. In paraffin wax film, the UV-294
Vis diffuse reflectance spectrum of 3 PN* has been recorded after pulsed laser excitation at 355 295 nm (Figure 4.a) . The spectrum displays a maximum at 490 nm with a transient species decay rate 296 constant of 1.7×10 5 s -1 (triplet lifetime of 5.9 µs) in the air-equilibrated conditions. Making the 297 hypothesis that the oxygen concentration is the same in the wax as in n-heptane (2.8×10 -3 M, 39), 298 one gets k O2 = 6.1×10 7 M -1 s -1 (scheme 1), which is 46 times lower than in n-heptane (2.6×10 9 M -299 1 s -1 ). This latter value was deduced from the 3 PN* decay rate constants measured in argon-300 saturated (6.0×10 4 s -1 ), air-saturated (7.8×10 6 s -1 ), and oxygen-saturated (3.6×10 7 s -1 ) n-heptane 301 solutions. This significant difference on k O2 is explained by the lower mobility of oxygen in a 302 solid matrix compared to a liquid alkane. In solid polystyrene for instance, the diffusion 303 controlled rate constant is ∼ 2 ×10 8 M -1 s -1 and the rate constant for oxygen quenching of triplet 304 state sensitizers was evaluated as to be ∼ 1.5×10 7 M -1 s -1 (40). Experiments in the absence of 305 oxygen were conducted using silica gel samples prepared under high vacuum. A rate constant of 306 174 s -1 (5.7 ms) was measured for the transient decay under vacuum (Figure 4.b) . When the 307 evacuated sample was exposed to air, the PN transient species was completely quenched on these their formation in organic solvents (41). In this system, spectral overlap of the triplet state and 311 radical make direct observation of the latter difficult. 312 313 3.4 Singlet oxygen production 314
The formation of singlet oxygen was monitored by near infrared phosphorescence ( Figure 5) . A 315 strong signal was observed and continuous irradiation of a paraffin wax film containing PN at 316 367 nm for 55 minutes leads to a 50% signal loss. Two steps are observed during the decrease of 317 the signal. In fact, the signal loss is 35% in the first 20 minutes of irradiation while it is only 15% 318 during the following 35 minutes. Considering that the quantum yield of singlet oxygen 319 production by PN is close to one in most media and that no singlet oxygen acceptor or quencher 320 is present in the paraffin wax, the 1 The intensity ratios within the quadruplets are close to 1:3:3:1 while the ratios between the six 333 quadruplets are of 1:4.5:8.8:8.8:4.5:1. Interestingly, in irradiated air-equilibrated paraffin wax we 334 observed an EPR signal showing the same coupling constants as those measured in n-heptane, 335 only the intensity ratios were changed due to the sample anisotropy (Figure 6b) . Thus, the HPN . 336 radical is formed in both deoxygenated n-heptane and in air equilibrated paraffin wax. 337
Detection of the HPN . radical in n-heptane was possible because oxygen was partly removed. 338
Indeed, the efficient quenching of 3 PN* by oxygen (Reaction (6)) does not compete with its 339 reaction with the solvent (hydrogen abstraction, Reaction (7)). The PN radical is likewise 340 observed in paraffin wax in aerated conditions. In fact, this result is consistent with PN We have shown that PN exhibits a higher photodegradability in paraffinic wax than in n-heptane. 349
The mechanism given in Scheme 1 established using our experimental data may explain these 350 differences. Following the electronic excitation of PN, 3 PN* is formed from 1 PN* by intersystem 351 crossing and the efficiency of this process (Φ ISC ) should be close to one in liquid as in solid 352 phases (14, 42). In the presence of oxygen, 3 PN* can either transfer its energy to oxygen or 353 abstract a hydrogen atom from the solvent to yield the hydroxyperinaphthenyl radical (15, 16). In 354 n-heptane, the former reaction is dominant as the quantum of singlet oxygen production is close suggests a high efficiency of singlet oxygen production ( Figure 5 ). Nonetheless, Φ deg is 5-fold 357 higher in the wax compared to n-heptane. Although the effect on 1 O 2 production could be minor 358 in the first stages of the reaction, the sensitizing properties of PN may be altered significantly in 359 case of extended use. A recent computational study by Segado et al. (42) shows that the lowest 360 energy triplet state of PN is of ππ* character where singlet oxygen formation is the main 361 photochemical process. However, their study also indicates an equilibrium between this ππ* 362 triplet state and a low lying nπ* triplet state, allowing for hydrogen abstraction to occur. 363
This difference of Φ deg between n-heptane and wax may be related to differences in the rate 364 constants of the two competing reactions (k RH and k O2 ). The lower mobility of molecules in the 365 wax suggests lower rate constants. This was demonstrated in the case of k O2. In the case of k RH , 366 PN is surrounded by solvent molecules and the mobility may have less importance. If we 367 postulate that k RH is of the same magnitude in the two media, the difference in Φ deg values must 368 be assigned to a lower value of k O2 . 369
The detection of the hydroxyperinaphthenyl radical (HPN . ) in wax only in spite of the presence 370 of oxygen was a rather surprising result. The stationary concentration of HPN . is given by 371 comparing the rates of production and of decay. Even though the rate of HPN formation is 372 slower in n-heptane than in the wax because the scavenging of 3 PN* by oxygen is faster, the non-373 observation of HPN . in n-heptane also indicates that the decay rate and thus the reactivity of 374 HPN . radical is probably higher in n-heptane than in wax. Nevertheless, there is no parallel 375 between the Φ deg and the HPN . stationary concentration increase from n-heptane to wax. This 376 suggests that re-oxidation of HPN .. radical occurring as a result of interaction with dissolved 377 oxygen, to regenerate PN, is the dominant pathway. Finally, the identified photoproducts in n-heptane and paraffin wax film media derive from HPN . radical which may abstract another H 379 atom and yield phenalanone, add onto PN or on a second HPN radical to give dimers of PN. The 380 main reaction is the coupling of HPN . with an oxygenated radical deriving from the solvent. 381
These results show that a reference photosensitizer can be photodegraded in solid media 382 consisting of weak hydrogen donor molecules. By extension, the phototoxic phytoalexins 383 structurally close to PN could be degraded in the leaf epicuticular waxes. Moreover, these leaf 384 waxes include alcohols which are strong hydrogen donors and could increase the degradation 385 efficiency. Another aspect not discussed until now is the impact on pesticides. The pesticide 386 activities could be lowered by the phototoxic phytoalexins reactivity. This is discussed in the last 387 section of the paper. 388 The phototoxic activities of phytoalexins must be taken into account for crop treatments (23, 24) . 392
In fact, some pesticides are oxidized by singlet oxygen (25, 26). Moreover, we bring evidence of 393 possible reactions between the 3 PN* and/or PN derived radicals with pesticides. In this work, we 394 selected as model compounds tembotrione and pyrethrum extract that can be absorbed by plants 395 and therefore can be found in the phytoalexins close environment. The kinetics of formation of 396 the HPN . radical was monitored by EPR spectroscopy under continuous irradiation of paraffin 397 wax containing PN (Figure 7 was given by the observation of a decrease in singlet oxygen production coupled to the formation 422 of a hydroxyperinaphthenyl radical (HPN . ). Therefore, even if the radical formation is the minor process, it may alter significantly the sensitizing properties of PN for prolonged use. PN 424 phototransformation in the wax leads to the formation of phenalanone, dimer species and mainly 425 oxidized PN-alkanes adducts. These species are potential singlet oxygen photosensitizers and 426 reductor agents. In n-heptane, the fast reaction of HPN . with ground state oxygen to yield back 427 PN and the perhydroxyl radical (HO 2 . ) prevents its detection. Nonetheless, phenalanone, dimer 428 species and PN-alkanes adducts were also identified in deoxygenated solutions as expected. 429
Finally, tembotrione and pyrethrum extract pesticides which can be absorbed by plants were 430 added to the paraffin wax containing PN. The concentration of HPN . was 2.4 times higher in the 431 presence of pyrethrum extract. Transposition of this result to phytoalexins photoreactivity leads 432 to the conclusion that effects on the pesticide activities should be considered not only through 433 singlet oxygen production but also H-atom abstraction. 434
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